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ABSTRACT
In this article the neutrino-pair production from nucleon-nucleon (NN) bremsstrahlung is explored via medium-
modifications of the strong interactions at the level of the one-pion exchange approximation. It governs the bulk
part of the NN interaction at low densities relevant for the neutrino physics in core-collapse supernova studies. The
resulting medium modified one-pion exchange rate for the neutrino-pair processes is implemented in simulations of
core collapse supernovae in order to study the impact on the neutrino signal emitted from the deleptonization of the
nascent proto-neutron star. Consequences for the nucleosynthesis of heavy elements of the material ejected from the
PNS surface are discussed.
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1. Introduction
The bulk part of trapped neutrinos of a newly born neu-
tron star – known as proto-neutron star (PNS) – is emitted
during its early cooling history. PNSs form when the stellar
core of an initially imploding massive star bounces back at
supersaturation density, due to the repulsive short range
nuclear interaction, with the formation of a strong hydro-
dynamic shock wave (for recent review about supernova
theory, cf., Janka et al., 2007). While the supernova prob-
lem is associated with the transport of energy from the PNS
interior leading to the ejection of the stellar mantle – a de-
tailed summary about supernova explosion mechanisms can
be found in Janka (2012) – the nascent PNS deleptonizes
via the emission of neutrinos of all flavors on a timescale
on the order of 10–30 s once the supernova explosion has
been launched. This has been explored in Fischer et al.
(2010) and Hu¨depohl et al. (2010) within consistent sim-
ulations based on neutrino radiation hydrodynamics with
three-flavor Boltzmann neutrino transport. These studies
confirmed that the PNS settles into a quasi-stationary
state as mass accretion ceases, which approves the descrip-
tion within the hydrostatic treatment of Pons et al. (1999)
based on the diffusion approximation for neutrino trans-
port.
In Wu et al. (2015) for the first time the ”complete”
supernova neutrino signal has been analyzed based on the
simulation results of Fischer et al. (2010). It demonstrated
that millisecond events can be resolved for the next Galactic
supernova explosion, for currently operating and for fu-
ture generation of neutrino detectors. Therefore, it is of
paramount interest to predict neutrino luminosities and
spectra from such cosmic events. Particular focus is thereby
⋆
email: fischer@ift.uni.wroc.pl
on the deleptonization of the nascent PNS during which
most neutrinos will be detected. From a theory point of
view it is important to develop models that are based on
accurate neutrino transport considering the relevant weak
processes. Following Reddy et al. (1998) the impact of the
consistent treatment of nuclear equation of state (EoS) and
weak processes has been explored at the mean-field level
in Mart´ınez-Pinedo et al. (2012), Roberts et al. (2012) and
Horowitz et al. (2012).
Physics beyond the mean-field approach involves nu-
clear correlations, such as nucleon-nucleon (NN) scatter-
ing and pairing. However, NN interactions under super-
nova conditions – temperatures on the order to tens of
MeV and densities slightly above normal nuclear matter
density (ρ0) as well as large neutron excess – are highly
unknown. This is then reflected in large uncertainties of as-
sociated weak processes, e.g., NN–bremsstrahlung and the
corresponding neutrino-antineutrino pair emission (or ab-
sorption) as illustrated in Fig. (1). The different scales for
strong and weak interactions involved allow their separa-

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Fig. 1. Neutrino pair-emission from NN–bremsstrahlung
within the FOPE approximation.
1
Tobias Fischer: Role of medium modifications for neutrino-pair processes from nucleon-nucleon bremsstrahlung
tion; thereby the latter refers to the emission (and absorp-
tion) of (ν, ν¯) via the coupling to the neutral Z0-boson.
Therefore, Friman & Maxwell (1979) derived expressions
for the weak rates modeling NN interactions by the one-
pion exchange (OPE) approximation, including spin-orbit
coupling. Moreover, Hannestad & Raffelt (1998) provided
expressions in the long-wavelength limit to the astrophysics
community (see also Sigl, 1996; Janka et al., 1996, and ref-
erences therein) which take into account spin fluctuations
and their saturation towards high density.
It has long been realized in a series of studies that
the free (i.e. vacuum) OPE – henceforth denoted as
FOPE – underestimates the cooling of neutron stars.
Based on FOPE important medium modifications at
ρ & ρ0/2 are neglected (this has been discussed in details
in Senatorov & Voskresensky, 1987; Blaschke et al., 1995;
Schaab et al., 1997; Yakovlev et al., 2001; Hanhart et al.,
2001; Blaschke et al., 2004; Yakovlev et al., 2005;
Grigorian & Voskresensky, 2005; Page & Reddy, 2006;
Blaschke et al., 2012, 2013, exploring also the role of
medium effects for the charged-current absorption reac-
tions, i.e. the modified Urca processes).
Up to ρ0 the framework of chiral effective field theory is
the ab-initio approach to the nuclear many body problem
of dilute neutron matter. Therefore, Hebeler & Schwenk
(2010) studied the role of three-body forces including 2pi-
exchange terms (for recent works, see also Tews et al.,
2013; Kru¨ger et al., 2013). Based on this approach, re-
cently Bartl et al. (2014) quantified the suppression of
the neutrino-pair emission/absorption rate from NN–
bremsstrahlung, at conditions relevant for supernovae. The
authors found a significant reduction of the neutrino-pair
process compared to the FOPE approximation, at already
low density on the order of ρ ≃ 1011 − 1012 g cm−3.
A more general approach to study medium modi-
fications for weak processes that involve NN interac-
tions is the Fermi-liquid theory of Migdal (1978) and
Migdal et al. (1990) (see also Voskresensky, 2001, and refer-
ences therein). It assumes that the nucleons are only slightly
excited above their Fermi sea such that all the processes oc-
cur in a narrow vicinity of the Fermi surface and that the
vertices of the processes are dressed by NN correlations.
The subsequent medium modification of the OPE includes
the ”exact” summation of all particle-hole loops and a con-
tribution of the residual s-wave piNN interaction and pipi-
scattering, which effectively involves ρ-meson exchange (t-
channel) and the σ-meson as correlated pipi (s-wave contri-
bution). Moreover, due to nucleon–hole (and also △–hole)
excitations, the subsequent p-wave pion polarization in nu-
clear matter leads to the softening of the in-medium pion
dispersion relation. As explored in Aouissat et al. (1995)
and Rapp et al. (1996), it is relevant for the understand-
ing of nuclear saturation (for more details, cf., Rapp et al.,
1997, and references therein).
In this paper medium modifications to the FOPE ap-
proach are studied, which alter FOPE already at low den-
sity (ρ ≪ ρ0) where they start to dress the local piNN -
vertex (henceforth denoted as MVOPE – medium-modified-
vertex + FOPE). Being mostly interested in the low-density
limit and to easier compare with results based on the chi-
ral perturbation approach, where pion softening is not in-
cluded, medium effects for the piNN -vertices are incorpo-
rated but the FOPE pi-propagator is exploited.
Following Senatorov & Voskresensky (1987) and
Voskresensky (2001) the current article provides a
MVOPE density-dependent parametrization, i.e. for the
medium modification of the piNN -vertex, for applications
in simulations of core-collapse supernovae. It represents the
largest modification of the neutrino-pair emission rate from
NN–bremsstrahlung at densities relevant for supernova
studies, suppressing neutrino-pair emission/absorption
compared to the unmodified FOPE approach.
This medium dependence is then implemented into the
neutrino transport module of the core-collapse supernova
model AGILE-BOLTZTRAN of Liebendo¨rfer et al. (2004)
in order to study the impact on the neutrino signal and
the evolution during the PNS deleptonization, being able
to quantify the general role of NN–bremsstrahlung. The
reduction of the neutrino-pair emission/absorption rate
obtained towards increasing density reduces the neutrino
opacity. This is important for the heavy-lepton flavor neu-
trino species for which NN–bremsstrahlung is the leading
production and absorption process. Unlike for νe which are
always dominated by charged-current absorption on neu-
trons, also ν¯e are significantly affected from the high-density
suppression of the NN–bremsstrahlung.
The subsequent impact on the neutrino luminosities and
average energies has important consequences for the nucle-
osynthesis relevant conditions, e.g., the electron fraction Ye
i.e. the proton-to-baryon ratio, of the neutrino-driven wind.
The latter is a low-mass outflow ejected from the PNS sur-
face via continuous neutrino heating, during the PNS delep-
tonization over a timescale of about 10–30 seconds. It has
long been studied as nucleosynthesis site for the production
of heavy elements (cf. Woosley et al., 1994; Otsuki et al.,
1999; Wanajo, 2006a,b, and references therein).
Note that for ρ & ρ0 also the pi-propagator is mod-
ified by the nuclear medium, which gives rise to differ-
ent interaction channels (cf. the right panel of Fig. (1) in
Voskresensky, 2001) with neutrino-pair emission from in-
termediate nucleon-loops. Such additional medium modifi-
cations may become relevant during the late-time cooling
at the transition from neutrino diffusion to freely stream-
ing, when the PNS core temperature decreases below T ∼
1 MeV such that neutrinos are escaping from densities also
in excess of ρ0.
The manuscript is organized as follows. In sec. 2 the
supernova model AGILE-BOILTZTRAN is briefly intro-
duced together with the density-dependent parametrization
of medium modifications for the neutrino-pair processes
from NN–bremsstrahlung. In sec. 3 simulation results of
the PNS deleptonization are analyzed and in sec. 4 the im-
pact on the nucleosynthesis relevant conditions is discussed.
The manuscript closes with the summary in sec. 5.
2. Supernova input physics
The core-collapse supernova model, AGILE-BOLTZTRAN,
is based on spherically symmetric and general relativistic
neutrino radiation hydrodynamics with angle- and energy-
dependent three flavor Boltzmann neutrino transport (for
details, cf. Liebendo¨rfer et al., 2001; Liebendo¨rfer et al.,
2001; Liebendoerfer et al., 2002). The implicit method for
solving the hydrodynamics equations and the Boltzmann
equation on an adaptive Lagrangian mesh has been com-
pared with other methods, e.g., in Liebendo¨rfer et al.
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Table 1. List of weak processes considered and corresponding references.
Weak process References
1 e− + p⇄ n+ νe Reddy et al. (1998); Horowitz (2002)
2 e+ + n⇄ p+ ν¯e Reddy et al. (1998); Horowitz (2002)
3 n⇄ p+ e− + ν¯e Fischer et al. (2016b)
4 e− + (A,Z)⇄ (A,Z − 1) + νe Juodagalvis et al. (2010)
5 ν +N ⇄ N + ν′ Bruenn (1985); Mezzacappa & Bruenn (1993a); Horowitz (2002)
6 ν + (A,Z)⇄ (A,Z) + ν′ Bruenn (1985); Mezzacappa & Bruenn (1993a)
7 ν + e± ⇄ e± + ν′ Bruenn (1985); Mezzacappa & Bruenn (1993b)
8 e− + e+ ⇄ ν + ν¯ Bruenn (1985)
9 N +N ⇄ N +N + ν + ν¯ Hannestad & Raffelt (1998)
10 νe + ν¯e ⇄ νµ/τ + ν¯µ/τ Buras et al. (2003); Fischer et al. (2009)
11 (A,Z)∗ ⇄ (A,Z) + ν + ν¯ Fuller & Meyer (1991); Fischer et al. (2013)
Note: unless stated otherwise, ν = {νe, ν¯e, νµ/τ , ν¯µ/τ} and N = {n, p}.
(2004) with the multi-group flux limited diffusion approxi-
mation and in Liebendoerfer et al. (2005) with the variable
Eddington factor technique.
The nuclear EoS employed here from
Hempel & Schaffner-Bielich (2010) is based on the
relativistic mean-field framework for homogeneous nuclear
matter with the parametrization DD2 from Typel et al.
(2010), henceforth denoted as HS(DD2). Nuclei are treated
within the modified nuclear statistical equilibrium ap-
proach for several 1000 nuclear species based on tabulated
and partly calculated masses. It is part of the compre-
hensive CompOSE EoS catalogue of Typel et al. (2013).
In addition lepton and photon contributions are added
following Timmes & Arnett (1999).
2.1. Treatment of weak processes
The set of weak reactions included in the supernova sim-
ulations can be found in Table 1, together with the corre-
sponding references. For the weak processes with free nucle-
ons, both charged-current absorption and neutral current
scattering, the elastic approximation is employed. Medium
modifications of the charged current absorption processes
are taken into account at the mean-field level based in
the nuclear EoS HS(DD2). Following Reddy et al. (1998),
these enter the elastic expressions via modified Q values,
Q = Q0 +△U , where △U = Un − Up with nucleon single-
particle self energies UN . They also modify the nucleon
chemical potentials, µN = ϕN − UN , with free Fermi-gas
chemical potentials ϕN , in order to reproduce the low-
density limit towards vanishing degeneracy (cf. Hempel,
2015, for details regarding the treatment of effective inter-
actions within relativistic mean-field approach). Note that
UN have a strong density dependence, which is related to
the nuclear symmetry energy. Even though it was possible
to constrain the symmetry energy value and its slope to
some extend in Lattimer & Lim (2013), under supernova
conditions the symmetry energy is presently rather poorly
constrained as discussed in Fischer et al. (2014).
Furthermore, inelastic contributions and weak mag-
netism corrections are included following Horowitz (2002),
for the charged current absorption and neutral current scat-
tering processes. While inelastic contributions are known to
reduce the ν rates as much as ν¯ rates towards high density,
weak magnetism corrections generally increase differences
between neutrinos and antineutrinos. The latter originates
from the parity violation of the nucleon weak magnetic mo-
ment coupling to its axial current. Both latter effects have
been commonly included in core-collapse supernova simu-
lations. Note that contributions due to strange quark con-
tents are not taken into account here.
In addition to this standard set of weak reactions in
Fischer et al. (2016b) the (inverse)neutron decay is intro-
duced, reaction (3) in Table 1. This channel of opacity is en-
abled via the medium modifications with Q = −Q0 +△U ,
which enters the expression of the elastic approximation.
It results in the slight enhancement of the low-energy ν¯e-
opacity towards increasing density where △U > Q0, how-
ever, with a negligible impact on the overall supernova dy-
namics and neutrino signal.
2.2. Nucleon-nucleon bremsstrahlung
Neutrino-pair production (p) and absorption (a) are treated
via their corresponding reaction kernelsR
p/a
νν¯NN (△E, cos θ).
They relate initial and final states, depending on the sum of
neutrino and antineutrino energies (△E = Eν+Eν¯) as well
as on the momentum scattering angle cos θ (cf. Eq. (5) in
Fischer et al., 2012). It depends in turn on the lateral angles
(µν = cosϑν , µν¯ = cosϑν¯) and the relative azimuthal angle
(φ) between ν and ν¯. The corresponding collision term of
the Boltzmann transport equation for neutrinos is given in
Fischer et al. (2012) (assuming here ~ = c = 1),
dfν(Eν , µν)
dt
∣∣∣∣
νν¯NN
= (1− fν(Eν , µν))
∫ ∞
0
dEν¯E
2
ν¯
∫ +1
−1
dµν¯
∫ 2pi
0
dφ Rpνν¯NN (−△E, cos θ) (1− fν¯(Eν¯ , µν¯))
− fν(Eν , µν)
∫ ∞
0
dEν¯E
2
ν¯
∫ +1
−1
dµν¯
∫ 2pi
0
dφ Raνν¯NN(△E, cos θ)fν¯(Eν¯ , µν¯) , (1)
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integrating the antineutrino phase space, it includes the
appropriate (anti)neutrino occupation numbers fν(fν¯) as
well as final state blocking for the neutrino-pair produc-
tion. Note further that the thermal and chemical equilib-
rium obtained under supernova conditions enables the rela-
tion between neutrino-pair emission and absorption kernels
in Eq. (1) via detailed balance as follows,
Raνν¯NN = exp {△E/T }R
p
νν¯NN . (2)
At low densities the NN -interaction is governed by the
OPE with the associated matrix element M, for which in
turn the relation to the neutrino-pair emission kernel is
given in Hannestad & Raffelt (1998),
Rpνν¯NN(−△E, cos θ) ∝ 〈|M|
2〉 (3− cos θ) , (3)
modulo normalization and multiplicative phase-space fac-
tors. The momentum integration of the nucleon occupation
numbers, including final state Pauli blocking, is included
in the matrix element for which the averaging 〈〉 is over all
spins. Moreover, it has been shown in Friman & Maxwell
(1979) that for non-relativistic nucleons, which is typical for
temperatures below T ∼ 50 MeV, only the axial-vector cur-
rent contributes to the neutrino-pair processes from NN–
bremsstrahlung,
〈|M|2〉 ∝ G2F g
2
A , (4)
with Fermi constant GF and axial-vector coupling constant
gA with vacuum value, gA = 1.27. Analytical expressions
for (4) are provided in Hannestad & Raffelt (1998) to the
astrophysics community based on the FOPE.
In order to account for the lowest-order medium de-
pendence within the OPE approach, following Migdal et al.
(1990) two modifications can be considered: (a) dressing of
the local interaction piNN -vertex (γ),

pi
N
N
−→

pi
N
N
, (5)
and (b) modifications of the pi-propagator (Dpi). Based on
the Fermi-liquid model, explicit expressions for (a) and (b)
have been derived in Voskresensky (2001). In the latter ar-
ticle it has also been shown that for the medium modifica-
tions of Dpi the most important contribution to the charged
current processes (modified Urca) originates from neutrino
reactions of intermediate nucleon-loops coupled to the pi for
ρ & ρ0/2. However, these reaction channels are forbidden
by symmetry reasons for NN–bremsstrahlung processes on
neutral currents.
The medium modifications denoted via (∗) also alter
the OPE matrix element, M −→ M∗ ∝ GF g
∗
AγD
∗
piγ.
Neglecting furthermore contributions from the in-medium
pion-propagator, i.e. assuming D∗pi/Dpi ≃ 1, the ratio of
MVOPE-to-FOPE matrix element is given as follows,
〈|M∗|2〉
〈|M|2〉
≃
(
g∗A
gA
)2
γ4 . (6)
Within the Fermi-liquid approach the piNN -vertex func-
tion γ(ω, k, pF ) – depending on energy ω, momentum k
1010 1011 1012 1013 1014 1015
0
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Fig. 2. (Color online) Medium dependence of the piNN -
vertex, axial-vector coupling constant and the ratio
Eq. (11).
and Fermi momentum pF – is dressed by the inclusion of
the NN correlations according to expression (6) such that,
γ(0, k, pF ) ≃ (1 + C pF )
−1 , (7)
where the constant C is expressed in terms of
the appropriate Landau-Migdal parameter. Moreover,
Senatorov & Voskresensky (1987) and Voskresensky (2001)
provided the following numerical estimate,
γ ≃
{
1 +
1
3
(
m∗N
mN
)(
pF (ρ)
pF (ρ0)
)}−1
. (8)
Note that contributions from the effective nucleon mass
(m∗N ) can be neglected in expression (8), i.e. m
∗
N ≃ mN for
the densities relevant for neutrino transport and decoupling
in core-collapse supernova simulations, ρ < 1014 g cm−3.
Moreover, the Goldberger-Treiman relation ensures the
partial conservation of axial currents,
m
(∗)
N g
(∗)
A = f
(∗)
pi g
(∗)
piNN , (9)
with pion decay constant fpi, pion-nucleon coupling con-
stant gpiNN and nucleon massmN ; it connects chiral physics
and weak axial-vector currents. Relation (9) holds in vac-
uum as well as in the nuclear medium, indicated via (∗).
Applying the Brown & Rho (1991) scaling, m∗N/mN ≃
f∗pi/fpi, the ratio of the medium modified to the vacuum
Goldberger-Treiman relation (9) ensures the same scaling
for axial-vector and piNN coupling constants; it leads to
the following dependence,
g∗A/gA ≃ g
∗
piNN/gpiNN ≃ γ , (10)
which results in g∗A(ρ0) ≃ 1 as illustrated in Fig. 2. This
medium dependent axial-vector coupling constant is then
employed in all other neutrino-matter interaction channels
that involve axial-vector interactions.
Finally, according to the above expressions (3)–(10) the
medium dependence of the neutrino-pair emission kernel
scales as follows,
R∗νν¯NN
Rνν¯NN
≃
(
1
1 + 1/3 (ρ/ρ0)1/3
)6
, (11)
4
Tobias Fischer: Role of medium modifications for neutrino-pair processes from nucleon-nucleon bremsstrahlung
where the Fermi momenta are expressed in terms of the
matter density, pF ∝ ρ
1/3. In the following the medium
modified process according to Eq. (11) is labelled as NN∗,
while for the unmodified FOPE rate NN is used. Fig. 2 illus-
trates the density dependence of g∗A, being in good quanti-
tative agreement with alternative approaches based on the
low-density limit of chiral physics (cf. Friman et al., 1999;
Rho, 2001; Meißner et al., 2002; Carter & Prakash, 2002),
together with γ and the ratio (11) labelled as NN∗/NN. The
overall onset of reduction of the process starts at densities
of about 1012 g cm−3 with a suppression of about a factor of
5 at ρ0, being in quantitative agreement with calculations
of Bartl et al. (2014) based on the T -matrix approach as
well as chiral effective field theory.
2.3. Neutrino opacity and mean-free path
The neutrino opacity for pair processes, i.e. the (ν, ν¯) ab-
sorption rate, is given in Fischer et al. (2012) obtained
by integrating the reaction kernel taking into account the
initial-state antineutrino phase space as follows,
χνν¯NN (Eν , µν) =
∫ ∞
0
dEν¯E
2
ν¯
∫ +1
−1
dµν¯
∫ 2pi
0
dφ
× Raνν¯NN (△E, cos θ) fν¯(Eν¯ , µν¯) . (12)
For other weak processes, e.g., scattering on nucleons and
electrons, a similar expression for the opacity χ as Eq. (12)
can be obtained via the integration of the corresponding
scattering reaction kernels; they connect initial and final
neutrino states similar as for νν¯NN . For scattering the an-
tineutrino occupation number fν¯ in expression (12) has to
be replaced with the final state neutrino occupation num-
ber. On the other hand, exceptions are the charged current
absorption reactions which depend only on the incoming
neutrino energy Eν (within the elastic approximation em-
ployed here).
In order to study the medium dependence it is use-
ful to define the inverse mean-free path as spectrum aver-
aged quantity for each neutrino flavour (ν) and weak pro-
cess separately, based on the corresponding opacity channel
χj(Eν , µν). Therefore one has to integrate the remaining
neutrino phase space as follows,
〈1/λj〉 =
2pi
nν
∫
dEνE
2
ν dµν fν(Eν , µν)χj(Eν , µν) , (13)
with the local neutrino number density nν and initial state
neutrino occupation number fν corresponding to nν . The
integration of the neutrino phase space leaves only local
dependencies of 〈1/λ〉, e.g., in terms of the supernova state
of matter given in terms of radial profiles.
In Fig. 3 the density dependence of the opacity (13)
is shown for several weak reaction channels j with the
largest contributions to the total opacity – charged cur-
rent absorptions (dash-dotted lines) – elastic scattering on
nucleons (νN , dashed lines) – thermalization via inelastic
scattering on electrons and positrons (νe±, dotted lines) –
neutrino-pair absorption via NN–bremsstrahlung (νν¯NN ,
solid lines). The associated conditions are shown in Fig. 4
corresponding to the early PNS deleptonization phase at
about 3 s post bounce. For νe, illustrated in Fig. 3(a),
the largest opacity is due to νe-absorption on neutrons fol-
lowed by elastic scattering on neutrons, since the neutrons
as targets for these processes are the most abundant nuclear
1011 1012 1013 1014
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10−3
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100
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〈 1
/λ
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1 ]
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−
νeN
νee
±
νeν¯e NN
abs.scat.(a)
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ν¯e N
ν¯e p→ne
+
ν¯e e
±
ν¯e νeNN
abs.scat.(b)
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νµN
νµe
±
νµν¯µ NN
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NN
NN*
Fig. 3. (Color online) Density dependence of the average
neutrino opacity (13) for selected weak processes, compar-
ing NN (thin blue lines) and NN∗ (thick brown lines);
see text for definitions. The corresponding conditions are
shown in Fig. 4.
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Fig. 4. (Color online) Profiles of temperature and Ye of the
early PNS deleptonization phase at about 3 s post bounce.
species. The opacity for all other weak processes is strongly
suppressed. This also implies that NN–bremsstrahlung
plays a negligible role for νe and that medium modifica-
tions NN∗ are unlikely to impact the overall νe spectra and
fluxes. The situation is different for ν¯e as shown in Fig. 3(b),
where the largest contribution to the opacity is due to elas-
tic scattering on neutrons. The absorption of ν¯e on protons
is heavily suppressed because protons are much less abun-
dant than neutrons by about one order of magnitude and
because medium modifications (treated here at the mean
5
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level following Mart´ınez-Pinedo et al., 2012) suppress the
ν¯e-absorption rate at low energies Eν¯e < Q. Note that the
latter aspect is compensated by the inverse-neutron decay
(reaction (3) in Table 1) for which there is only a finite rate
for Eν¯e < Q. Concerning the other inelastic channels, the
opacity for NN–bremsstrahlung exceeds only slightly the
opacity for ν¯e-absorption on protons based on NN. With
the medium dependent suppression NN∗ both opacities be-
come on the same order in the region of neutrino decoupling
illustrated via the grey band in Fig. 3(b) – it will be fur-
ther discussed below. This shifts back more relevance to the
charged-current channel and is expected to modify the ν¯e
properties. Note that for the NN–bremsstrahlung opacity
as well as for inverse mean free path the neutrino spectra
are used that are obtained from the supernova simulations
that are based on Boltzmann neutrino transport. The sit-
uation for νµ/τ and ν¯µ/τ , as illustrated in Fig. 3(c), is sim-
ilar to the one for ν¯e. Note that, unlike for ν¯e, there is no
charged-current absorption reaction for the heavy-lepton
flavor neutrinos considered. Also here the largest contri-
bution to the opacity comes from scattering on free neu-
trons. Inelastic contributions to the opacity are only due to
NN–bremsstrahlung and scattering on electrons/positrons,
which are strongly suppressed compared to scattering on
neutrons. Now with the medium suppression NN∗ the opac-
ity for NN–bremsstrahlung even drops below the one for
inelastic scattering on electrons/positrons in the region of
neutrino decoupling. Hence, the largest impact from the
medium modifications of NN–bremsstrahlung is expected
for the spectra of νµ/τ and ν¯µ/τ .
Note also the small suppression of the other weak pro-
cesses in Fig. 3, in particular for the charged-current ab-
sorption reactions. This is due to the employed medium
dependence of g∗A according to expression (10).
To guide the eye in Fig. 3 short vertical black lines at
the top of graphs (a)–(c) mark the locations of the averaged
neutrinospheres of last absorption labelled ”abs.” (dash-
dotted lines) and last elastic scattering labelled ”scat.”
(solid lines). For a definition of the neutrinospheres, see
sec. II.B in Fischer et al. (2012). According to Raffelt
(2001), the region between ”scat.” and ”abs.” represents
a scattering atmosphere (grey shaded region in Fig. 3)
in which neutrinos transfer only momentum before finally
reaching the free-streaming condition above ”scat.”. Note
that unlike for ν¯e and νµ/τ , for νe there is no scattering
atmosphere because the opacity is dominated by charged-
exchange absorption on neutrons by one order of magnitude
above scattering on neutrons.
3. PNS evolution
In order to study the impact of medium modifications for
the neutrino-pair processes from NN–bremsstrahlung in
simulations of the PNS deleptonization, the rate accord-
ing to expression (11) is implemented into the Boltzmann
neutrino transport module of AGILE-BOLTZTRAN. The
simulations are launched from the 18 M⊙ pre-collapse pro-
genitor of Woosley et al. (2002). In Fischer (2016) it was
evolved consistently through all phases prior to the super-
nova explosion onset. The onset of the neutrino-driven su-
pernova explosion – shock revival during the post-bounce
mass accretion phase – is triggered following Fischer et al.
(2010) via enhanced νe and ν¯e heating in the gain region,
i.e. where net heating is established. It results in the ex-
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Fig. 5. (Color online) Evolution of neutrino luminosities
and average energies.
plosion onset with the continuous shock expansion to in-
creasingly larger radii at about 350 ms post bounce. This
scenario for the shock revival is necessary since in general
neutrino-driven explosions cannot be obtained in spheri-
cally symmetric simulations. Exceptions are low-mass stel-
lar progenitors on the order of 8–10 M⊙ (cf. Kitaura et al.,
2006; Melson et al., 2015). Moreover, it is not feasible to
simulate the PNS deleptonization up to 10–30 s within
multi-dimensional neutrino radiation hydrodynamics sim-
ulations. Note further that once the explosion proceeds the
standard charged-current rates are switched back on.
In the following, two different simulation setups will
be discussed; ref. run: unmodified FOPE rate for NN–
bremsstrahlung and vacuum gA, compared to NN
∗:
medium dependent suppression of NN–bremsstrahlung
MVOPE and g∗A based on Eqs. (10) and (11). Both sim-
ulations use the EoS HS(DD2). The PNS deleptonization
proceeds qualitatively similar in both simulations; the tem-
perature decreases continuously at the PNS surface in the
course of lepton losses and the entire PNS contracts ac-
cordingly with continuously increasing central density (for
illustration, cf. Figs. (3) and (7) in Fischer et al., 2012).
Note that results of the ref. run have been published in
Fischer et al. (2016a).
Quantitative differences arise in the neutrino signal il-
lustrated in Fig. 5. For the simulation based on NN∗ the
average energies of νµ/τ and ν¯e are increased up to about
1 MeV, compared to the reference case. For νe the effect
is significantly weaker since the neutrino-pair processes act
only as perturbation to the total opacity (see Fig. 3). The
corresponding enhancement of the neutrino luminosities, in
particular for νe and ν¯e, is partly due to the feedback from
νµ/τ via the neutrino-pair process (10) of Table 1.
This situation remains during the entire PNS delep-
tonization up to 30 s post bounce, where towards later times
6
Tobias Fischer: Role of medium modifications for neutrino-pair processes from nucleon-nucleon bremsstrahlung
the opacity from ν¯e-absorption on protons reduces further
due to the rising neutron excess and the increasing impor-
tance of the medium modifications for this weak process.
At even late times, on the order of t > 40 s post bounce,
the transition is reached from neutrino opaque to transpar-
ent due to the continuously reducing temperatures below
T ≃ 1 MeV, associated with neutrino decoupling from all
densities including even above ρ0; in order to simulate this
transition other weak reaction, such as the (medium) mod-
ified Urca processes, drive the further evolution of the PNS
towards the final cold neutron star. However, this extends
beyond the scopes of the present study.
Note that the density dependent suppression for
the neutrino-pair emission/production rate from NN–
bremsstrahlung obtained here (see Fig. 3) is in quantitative
agreement with Bartl et al. (2014), comparing T -matrix
approach and chiral effective field theory with FOPE.
However, the large enhancement of this rate found also in
Bartl et al. (2014) based on the T -matrix approach towards
low density – on the order of ρ < 1011 g cm−3 – renders
irrelevant because at such low density (a) the opacity is
dominated by other weak processes for all neutrino flavors,
as illustrated in Fig. 3, and (b) the neutrinos have already
decoupled from matter.
4. Nucleosynthesis relevant conditions
The increased spectral difference between ν¯e and νe found
here for the simulation based on NN∗, compared to the
ref. run, has consequences for the nucleosynthesis of heavy
elements associated with the low-mass outflow ejected
via continuous neutrino heating from the PNS surface
(solid green line in Fig. 6(a)) during the deleptoniza-
tion – known as neutrino driven wind. It has been stud-
ied based on the static wind equations (cf. Duncan et al.,
1986; Hoffman et al., 1997; Thompson et al., 2001) as
well as within steady-state models (cf. Woosley & Baron,
1992; Takahashi et al., 1994) while Witti et al. (1994) and
Arcones et al. (2007) were based on a hydrodynamics de-
scription with parametrized neutrino luminosities. In Fig. 6
the post-bounce evolution of the neutrino driven wind (blue
lines) is illustrated for selected tracer mass elements at the
example of the reference case, as well as the material ejected
dynamically (black lines) together with the expanding su-
pernova shock illustrated via the green dash-dotted line in
graph (a). Differences of the dynamical evolution compared
to the simulation based on NN∗ are negligible, continuously
decreasing density and temperature as shown in Figs. 6(b)
and 6(c). The mass ejected in the neutrino driven wind is
on the order of 6 × 10−4 M⊙ during the first 10 s. Note
that most material is ejected during the early evolution,
5.356 × 10−4 M⊙ during the first 2 s. Hence, for the in-
tegrated nucleosynthesis analysis the early neutrino driven
wind phase leaves the largest imprint on the yields.
In Qian & Woosley (1996) it has been shown that the
nucleosynthesis conditions of the neutrino driven wind are
entirely determined from the neutrino fluxes and energies as
well as their evolution. Moreover, in Mart´ınez-Pinedo et al.
(2012) it has been found that the consistent treatment of
charged current weak processes and nuclear EoS, which in-
creases spectral differences between νe and ν¯e, turns mate-
rial to the neutron rich side with Ye ≃ 0.47 − 0.49 for the
initial neutrino driven wind. However, with the inclusion of
inelastic contributions and in particular weak magnetism
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Fig. 6. (Color online) Evolution of selected tracer mass el-
ements corresponding to dynamically ejected (black lines)
material together with the shock expansion (green dash-
dotted line) and the neutrino driven wind (blue lines)
ejected from the PNS surface (green sold line).
corrections – both are included here – the neutron excess
of the neutrino driven wind reduces significantly as shown
in Fig. 7(a) for the reference run (blue dash-dotted line).
The inclusion of medium modifications at the level of
NN∗, which increases slightly the difference between νe and
ν¯e (see Fig. 5), turns back slightly the neutron excess during
the early neutrino driven wind with minimum Ye ≃ 0.4895
(see Fig. 7(a)). Material also stays slightly longer on the
neutron rich side for about 1 s, before finally turning to
proton rich conditions, which is due to the continuously
reducing spectral differences between νe and ν¯e during the
PNS deleptonization (see Fig. 5). The entropy per baryon,
as additional nucleosynthesis relevant condition, is on the
order of s ≃ 50 kB per baryon during the early evolution,
see Fig. 7 (b), rising only towards later times up to more
than s ∼ 100 kB per baryon.
Note that the entropies here are generally higher than
reported previously due to the more massive 18 M⊙ progen-
itor model explored here, compared to the lighter 11.2 M⊙
progenitor which was explored in Mart´ınez-Pinedo et al.
(2014). The current PNS has a baryon mass of MB =
1.65 M⊙ compared to the much lighter PNS of MB =
7
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Fig. 7. (Color online) Ye and entropy sampled in the neu-
trino driven wind expansion at a radius of 1000 km, corre-
sponding to the freeze-out conditions.
1.19 M⊙ of Mart´ınez-Pinedo et al. (2014). The relation be-
tween PNS mass and entropy of the neutrino driven wind
is derived in Qian & Woosley (1996).
5. Summary
Neutrino-pair emission and absorption from NN–
bremsstrahlung is the relevant source and sink for heavy
lepton flavor neutrinos above densities around ρ0/10 in
core-collapse supernova simulations. This article discusses
the impact of medium modification of the vacuum OPE
approximation for NN–bremsstrahlung, by means of pro-
viding a density-dependent parametrization of the medium
modified piNN -vertex. The latter has been derived within
the Fermi-liquid theory framework; details can be found
in Migdal (1978), Senatorov & Voskresensky (1987) and
Migdal et al. (1990). It effectively suppresses the neutrino-
pair emission rate with increasing density. The magnitude
of suppression obtained here is in quantitative agreement
with recent results of Bartl et al. (2014) based on chiral
effective field theory.
The modified neutrino-pair emission rate is then imple-
mented into the Boltzmann neutrino transport module of
the core-collapse supernova model AGILE-BOLTZTRAN
in order to study the impact in simulations of the
PNS deleptonization. Unlike νe, which are dominated by
charged-current absorption on neutrons, νµ/τ but also ν¯e
are affected substantially. In particular, the reduced rate for
neutrino-pair processes from NN–bremsstrahlung returns
back more relevance to the charged-current ν¯e-absorption
on protons. This shifts the corresponding neutrinospheres
for ν¯e, and also for νµ/τ , to somewhat higher density, which
in turn results in enhanced neutrino fluxes and average en-
ergies.
These findings are in quantitative agreement with
the results of Bartl et al. (2016), which are based on a
parametrization of the study of Bartl et al. (2014), and
have important consequences for the conditions relevant
for the nucleosynthesis in the neutrino-driven wind, ejected
from the PNS during the deleptonization. Note that inelas-
tic and weak magnetism contributions reduce the neutron
excess, from Ye ≃ 0.48 of Mart´ınez-Pinedo et al. (2014)
to Ye ≃ 0.495, due to generally reduced spectral differ-
ences between νe and ν¯e for the latter. The simulation
with the MVOPE approach increases back the spectral dif-
ferences between νe and ν¯e, which in turn increases the
neutron excess slightly during the early neutrino driven
wind phase. Material also stays longer on the neutron rich
side. However, following Hoffman et al. (1997), the over-
all magnitude of Ye ≃ 0.49 and the generally low en-
tropy per baryon s ≃ 50 kB indicate that the synthesis of
heavy elements beyond Mo (with charge number Z = 52)
cannot be expected (see also Qian & Wasserburg, 2007;
Wanajo et al., 2009).
The here explored medium modifications for the piNN
vertex, and the consequent suppression of the neutrino-pair
processes, are likely to affect also the early post-bounce
mass accretion phase of core-collapse supernovae, i.e. prior
to the possible onset of the supernova explosion which is
studied to some extend in Bartl et al. (2016). In particu-
lar the losses associated with heavy-lepton flavor neutrinos
may be reduced. Reduced cooling could then in turn at-
tribute to more optimistic conditions for the revival of the
stalled supernova shock. This remains to be explored in
multi-dimensional core-collapse supernova simulations that
are based on the sophisticated treatment of neutrino trans-
port including a ”complete” set of weak interactions.
Complementary may be the inclusion of inelastic neu-
trino nucleon-nucleon scattering, νNN ⇆ NNν, in simu-
lations of core-collapse supernovae and for the PNS delep-
tonization. Even though at finite temperatures on the or-
der of 5–10 MeV the total opacity for all neutrino flavors
will always be dominated by reactions with single neu-
trons as the most abundant nuclear species, this channel
may substantially contribute to the energy-transfer for ν¯e,
νµ/τ and ν¯µ/τ in the region of neutrino decoupling, compa-
rable to the one by neutrino-electron/positron scattering.
Expressions for the νNN ⇆ NNν matrix element have
been derived in Hannestad & Raffelt (1998) based on the
FOPE approach, however, the correct inelastic dependence
(momentum transfer) required for the scattering kernels of
the collision integrals of the Boltzmann equation still has to
be derived. This extends beyond the scopes of the present
article and remains to be explored in future studies.
Note that this may become important towards later
times of the PNS deleptonization when the core tempera-
ture drops below 1 MeV, entering the transition from neu-
trino diffuse to freely streaming. At that stage the direct
Urca processes (1) – (3) in Table 1 will become suppressed
and other weak channels, e.g, modified Urca processes will
dominate the further evolution.
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